INTRODUCTION
Pharmacogenomics studies the role of inherited and acquired genetic variation in drug response in order to tailor treatment to individual genetic and genomic characteristics. 1 This field is a sizable, and perhaps the most actionable, part of personalized medicine. 2 Several pharmacogenomic biomarkers are used to predict drug efficacy or higher risk of safety issues such as those involving human leukocyte antigen B and hypersensitivity to abacavir, 3 UGT1A1 and irinotecan, 4 tumor gene expression and breast cancer, 5 or cytochrome P450 (CYP450) polymorphisms and patients treated by selective serotonin reuptake inhibitors. 6 Since 2009, the US Food and Drug Administration (FDA) has listed the drugs whose labels mention pharmacogenomic information. 7 This number is increasing, and this has been used as a marker of success and development of personalized medicine. 8 However, the mention of a pharmacogenomic biomarker in the drug label can have different meanings depending on the drug, and thus very different implications for clinicians and patients. For instance, the information can mean that genetic testing is required or recommended to define the population to treat. However, it can also mean that a high risk of side effects has been reported for some biomarker-based subpopulations, or simply that the pharmacogenomic biomarker is involved in the drug mechanism of action. Genetic testing is not required in the latter two cases, but prescribers of the drug lack a clear course of action. In such cases, this genetic information may not be relevant to personalized medicine.
Previous studies have reported a low frequency of requirement or recommendation for genetic testing among drugs with a pharmacogenomic biomarker mentioned in the label. 9, 10 However, they did not stratify analyses by therapeutic area. New oncology drugs are often targeted therapies, so we could expect that genetic testing for oncology drugs would be required or at least recommended to define the population to treat. Here, we aimed to compare guidance for genetic (pharmacogenomic biomarker) testing in drug labels for FDA-approved oncology and nononcology drugs.
MATERIALS AND METHODS

List of drugs
The Purpose: The aim of this study was to compare guidance for genetic testing in US Food and Drug Administration (FDA)-approved drug labels in oncology to those of drugs for other therapeutic areas.
Methods:
We reviewed labels of all the FDA-approved drugs with labels containing pharmacogenomic information. We assessed whether genetic testing was required or recommended before prescription and, if not, the reason for pharmacogenomic labeling.
Results:
We included 140 drugs corresponding to 158 drug-biomarker pairs. Overall, 46 (29%) of 158 pairs stated a requirement or recommendation for genetic biomarker testing in the label. This proportion was higher in oncology than in other areas (62 vs. 12%; P < 0.001). For the 112 drug-biomarker pairs (including 20 in oncology) without recommendation or requirement for genetic testing, the main reasons for pharmacogenomic labeling were change in pharmacologic end points (32%) and higher risk of toxicity (30%). For 11 (10%) pairs (including 1 in oncology), a genetic biomarker was mentioned only to inform that it was not relevant. In oncology, the main reasons for pharmacogenomic labeling were higher risk of toxicity (55%) and definition of the mechanism of action (25%).
Original research article and abbreviated new drug applications (for generic drugs), as well as corresponding labels.
Data extraction
The following information was extracted from the FDA table on 20 June 2014 and imported into a database: name of the drug; therapeutic area (oncology or nononcology, drugs classified in both oncology and another therapeutic area were classified in oncology); gene involved in the biomarker; referenced subgroup defined by the biomarker; and label sections containing pharmacogenomic biomarker information.
One investigator (A.V.) used a standardized form to extract the following information from the Drugs@FDA database for each drug-biomarker pair: date of first approval of the drug, date of first mention of the genetic information in the label, mention of genetic information at approval, mention of genetic information in a black box warning (the strongest warning that can be issued by the FDA), 11 existence of at least one biomarkerbased indication, and existence of at least one biomarker-based contraindication.
A drug can have several approval dates: one for each application submitted for FDA review. We were interested in the first approval date for the drug (as a new molecular entity, new active ingredient, new combination, or drug already marked without an approved new drug application). If a given drug from the FDA table was linked to an application for a drug whose chemical type was not a new agent (i.e., new dosage form, new formulation or new manufacturer, or new indication), we searched the Drugs@FDA database with the corresponding "Active Ingredient(s)" as search term. Among all retrieved entries, we selected the entry with "1 New Molecular Entity" as the chemical type and used the corresponding approval date. If no entries were characterized as new molecular entities, we used the oldest date of approval. Because this classification does not exist for biologic license applications, we performed the same search for all drugs approved with a biologic license application to ensure that we extracted the oldest approval date.
We considered pharmacogenomic labeling to be present at approval if we could assess the drug label at the time of approval and if pharmacogenomic information was present in this label. If we could not assess the label (especially for older drugs), we considered it to be missing data for this variable. Nonetheless, we considered that pharmacogenomic labeling was not possible at approval for CYP450s and drugs approved before the seminal article of Cooper et al., which was published in 1965. 12 Similarly, for glucose-6-phosphate dehydrogenase, we considered that pharmacogenomic labeling was not present at approval for drugs approved before the publication by Alving and colleagues in 1956. 13 
Characteristics of pharmacogenomic labeling
We assigned to each drug-biomarker pair a category of guidance for genetic testing built on the Pharmacogenomics Knowledgebase (PharmGKB) classification. 14 The PharmGKB is an academic-based (Stanford University) collaboration whose curators read labels of drugs to assign them a "PGx [Pharmacogenomics] level. " One author (A.V.), blinded to PharmGKB results, read drug labels and assessed whether genetic testing was required (PharmGKB corresponding category: "Genetic testing required"), recommended ("Genetic testing recommended"), or neither required nor recommended ("Actionable PGx" and "Informative PGx"). Examples of classification of selected drug-biomarker pairs to categories of guidance are provided in Table 1 . The agreement between our results and the corresponding evaluation displayed on the PharmGKB Web site (after having regrouped the "Actionable PGx" and "Informative PGx" categories) was good (Cohen's κ = 0.79; 95% confidence interval: 0.67-0.88). All discordances were reviewed by a second investigator (R.P.), and consensus was reached for all. After completing the consensus process, eight pairs remain discordant with PharmGKB classification. A list of those eight pairs with comments about discordances is provided in Supplementary Table S1 online.
For drug-biomarker pairs without a genetic testing requirement or recommendation in the label, two investigators (A.V. Original research article and R.P.) independently extracted the justification for pharmacogenomic labeling and categorized it using the following classifications we developed:
1. The biomarker is used to define the drug mechanism of action. 2. The biomarker is used to define one medical condition for which the drug is indicated. 3. Drug interactions with drugs metabolized by a biomarkerrelated enzyme (e.g., CYP450) have been reported or are expected. 4. Variations in pharmacologic end points based on biomarker-based subpopulations have been reported. 5. Increased toxicity (on nonpharmacologic end points) has been reported in one biomarker-based subpopulation. 6. Decreased efficacy (on nonpharmacologic end points) has been reported in one biomarker-based subpopulation. 7. The biomarker is mentioned in the label only to inform that it is not relevant to patients and caregivers.
Discordances between the two investigators were resolved by consensus. Examples of drug-biomarker pairs for each level of classification are displayed in Table 2 .
Drug approval by year and therapeutic area
To determine whether pharmacogenomic labeling was more frequent in oncology than in other therapeutic areas, we compared the proportion of drugs approved for use in oncology among drugs with pharmacogenomic labeling for 1996 to 2013 with the proportion of drugs approved for use in oncology among all new molecular entities approved by the FDA during the same period. To do so, we used the Drugs@FDA database, which reports all regulatory actions by the FDA, downloaded on 19 March 2014. The therapeutic area was identified by using Anatomical Therapeutic Chemical codes 15 (for exact definitions and methods used for Anatomical Therapeutic Chemical mapping, see the Supplementary Materials and Methods online).
Statistical analysis
We stratified all analyses by therapeutic area (oncology versus nononcology). Continuous variables are presented as medians and interquartile ranges, and qualitative variables are presented as frequencies and percentages. Proportions were compared between oncology and nononcology drugs by Fisher's exact tests. Distributions of continuous variables were compared by Mann-Whitney-Wilcoxon tests. All tests were performed with a type I error rate of 5% and the R statistical software version 3.1.
16
RESULTS
Characteristics of drugs and drug-biomarker pairs
We removed three duplicates of the 161 drug-biomarker pairs on the FDA website. Hence, we included 158 drug-biomarker pairs corresponding to 140 different drugs. In total, 126 drugs had only one biomarker; 11 drugs had two biomarkers; 2 drugs had three biomarkers (ESR1-PGR, F5, and F2, for tamoxifen; and VKORC1, CYP2C9, and PROC, for warfarin); and 1 drug (imatinib) had four biomarkers (KIT, BCR/ABL1, PDGFRB, and FIP1L1/PDGFRA). Overall, 30 drugs had at least one biomarker-based indication and six had a biomarker-based contraindications ( Table 3) . One-third of the drug-biomarker pairs (n = 53, 34%) concerned drugs indicated for oncology, corresponding to 42 unique drugs.
Comparison between oncology and nononcology drugs
For the 53 oncology drug-biomarker pairs, the five most frequent corresponding genes were BCR/ABL1 (n = 6), EGFR (n = 5), HER2 (n = 5), MS4A1 (n = 4), and BRAF (n = 3). For the 105 nononcology drug-biomarker pairs, the five most frequent corresponding genes were CYP2D6 (n = 37), G6PD (n = 17), CYP2C19 (n = 15), IFNL3 (n = 5), and LDLR (n = 5). CYP450 In a genetic substudy of PLATO (n = 10,285), the effects of BRILINTA compared to clopidogrel on thrombotic events and bleeding were not significantly affected by CYP2C19 genotype C, cholesterol; DPYD, dihydropyrimidine dehydrogenase; IgG, immunoglobulin G; LDL, low-density lipoprotein; PGR, progesterone receptor.
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enzymes represented the majority (n = 56, 53%) of nononcology drug-biomarker pairs. Requirement or recommendation for genetic testing was significantly more frequent for oncology drug-biomarker pairs as compared with nononcology drug-biomarker pairs. Of the 53 oncology drug-biomarker pairs, genetic biomarker testing was required for 33 (59%) and recommended for 0 (0%), as compared with 9 (9%) and 4 (4%), respectively, of the 105 nononcology drug-biomarker pairs (P < 0.001). Supplementary Tables S2 and S3 online display the main characteristics of drug-biomarker pairs with a requirement or recommendation for genetic testing for oncology and nononcology drugs, respectively. Pharmacogenomics was used to define at least one indication for 27 of 42 (64%) oncology drugs as compared with only 3 of 98 (3%) nononcology drugs (P < 0.001). Nonetheless, the proportion of drugs with at least one biomarker-based contraindication was similar for nononcology and oncology drugs (5 vs. 4%, respectively; P = 1). Pharmacogenetic information was present at approval for 31 of 53 oncology drug-biomarker pairs (66%, 6 missing data) and for 49 of 105 nononcology pairs (61%, 25 missing data; P = 0.70).
For drugs without requirement or recommendation for genetic testing, pharmacogenomic labeling often described changes in pharmacologic end points (n = 36; 32%), such as increased exposure to the drug as measured by the area under the curve or increased clearance of the drug; or increased toxicity (n = 34, 30%), such as high expected rates of adverse events or contraindication in patients with known genetic deficiency but still without a clear statement regarding genetic testing ( Table 3) . Of note, for 10% of drug-biomarker pairs, the genetic biomarker was mentioned only to inform that it was not relevant for the drug use. For oncology drugs, half of the labels (n = 11, 55%) concerned increased toxicity; for five drugs (25%), a genetic biomarker was mentioned to define the drug's mechanism of action (e.g., an anti-CD30 drug without biomarker-based indication).
Proportion of drugs approved for use in oncology among drugs with pharmacogenomic labeling from 1996 to 2013
From the Drugs@FDA database, we identified 514 new drugs that were approved from 1996 to 2013. In total, 75 (15%) were indicated for oncology, and the proportion of drug-biomarker pairs with pharmacogenomic labeling that had oncology indications during the same time was 53/150 (35%). Moreover, during the 2003-2013 period, 20 of 54 (37%) new oncology drugs had pharmacogenomic labeling at approval as compared with 20 of 225 (9%) new nononcology drugs. Description of PGx labeling if no guidance for genetic testing <0.001
1. Define the drug mechanism of action 5 (25) 1 (1) 6 (5) 2. Disease definition 0 (0) 7 (8) 7 (6) 3. Drug interactions 0 (0) 9 (10) 9 (8) 4. Change in pharmacologic end points 0 (0) 36 (39) 36 (32) 5. Increased toxicity 11 (55) 23 (25) 34 (30) 6. Decreased efficacy 3 (15) 6 (7) 9 (8) 7. No change 1 (5) 10 (11) 11 ( Original research article
DISCUSSION
In this study, we showed that oncology drugs represent one-third of the drugs with pharmacogenomic labeling. Furthermore, we found that a high proportion of pharmacogenomic labeling for oncology drugs required or recommended genetic biomarker testing, contrary to nononcology drugs. This result may contrast with the global picture (that most pharmacogenomic labeling does not require or recommend genetic testing) reported in previous studies. 9, 10 A likely explanation for the predominance of oncology and for the high proportion of genetic testing requirements or recommendations in oncology is the high number of targeted drugs in this area. These drugs are often tested in enrichment trials that are restricted to patients who are positive for the biomarker, which is often a somatic mutation (e.g., BRAF V600E/K mutations in melanoma). Hence, the indications section of the drug label mentions the biomarker testing to be consistent with the inclusion criteria of trials that have supported the drug approval. Pharmacogenomic labeling could be considered frequent in oncology. However, in the past decade, less than half of new approved oncology drugs had pharmacogenomic labeling at approval.
Our results are concordant with recent work focusing on content of patient-targeted sections for the 140 drugs included in the FDA table. 17 This work showed that only 29 drug labels (21%) mentioned pharmacogenetic information for patients, and the authors speculated that the reason for this low frequency may be that "the information is considered unnecessary for patients to use the drug safely and effectively. " 17 Indeed, as underlined in our study, for the majority of drugs the pharmacogenetic information in drug labels does not translate into a specific course of action for patients and prescribers.
When genetic testing was not required or recommended in the drug label, the genetic biomarker listed was often related to the drug metabolism (e.g., CYP450, UGT1A1, DPYD, TPMT), and the label described changes in pharmacologic end points or increased toxicity. Requirements or recommendations for genetic testing in these cases were rare because genotypes or efficacy associations were less strong than for targeted drugs. Many nongenetic causes of phenotypic variability (e.g., age, sex, concomitant drug use, body weight, renal function, comorbidities, and phenoconversion) 18, 19 can explain why genotypes sometimes do not accurately predict drug response. Warfarin and clopidogrel are two examples for which pharmacogenomic biomarkers may not be clinically useful, contrary to previous expectations. 20, 21 One limitation of our study is that we studied only FDAapproved drugs. Although we lack an official list of drugs with biomarker information in the label for countries other than the United States, some authors found discrepancies between the United States, Europe, and Japan in the number of such drugs and the contents of the labels. [22] [23] [24] Moreover, the phrasing and the number of indications for a given drug may differ between the United States and Europe. 25 Shimazawa et al. 23 found substantial discordances in labels between Japan, the United States, and the United Kingdom, but these discordances were low for the indications section of labels and for biomarkers with recommendations for genetic testing. Therefore, our results should not be directly extrapolated outside the United States; however, these differences are not likely to change our main conclusion.
We found that genetic testing is required or recommended by health authorities before prescription for the majority of oncology drugs with pharmacogenomic labeling, but for less than one-fifth of nononcology drugs. Nonetheless, our results do not indicate that a high level of evidence exists to show that genetic testing improves clinically relevant outcomes in these situations (that is, demonstration of clinical utility). 26 For instance, a drug that has been tested only in a biomarker-based subpopulation would have a requirement or a recommendation for genetic testing, but this does not mean that the drug is not effective for other patients. A recent study evaluating the level of evidence for clinical validity (the ability to predict phenotype) and utility of drug-biomarker pairs in an earlier extraction of the FDA table showed that the labels contained convincing evidence of clinical validity for 43 of the 119 pairs (36%) and of clinical utility for 18 pairs only (15%). 27 This underlines a lack of studies for proper evaluation of the clinical validity and utility of biomarkers despite pharmacogenomic information mentioned in drug labels.
Proper validation of the clinical utility of a biomarker can be assessed with a prospective design in a randomized controlled trial comparing a biomarker-based strategy with a treat-all strategy. 28, 29 However, this design would not be suitable for many situations. Another method is to retrospectively assess biomarkers in clinical data from observational studies or randomized controlled trials in which treatment received did not depend on the biomarker to compare the risk-benefit ratio according to biomarker values. 30, 31 Several organizations, such as the Evaluation of Genomic Applications in Practice and Prevention Working Group sponsored by the Centers for Disease Control and Prevention, 32 the Clinical Pharmacogenetics Implementation Consortium, and other groups, are currently conducting research to address this crucial question of the clinical utility of genetic biomarkers.
Concerning the usefulness of the global approach of selecting oncology drugs based on genetic abnormalities rather than pathological features, at least two clinical trials, the SHIVA trial in France 33, 34 and the NCI-MPACT in the United States 35 are comparing a biomarker-based therapy (molecular tumor profiling and corresponding targeted therapies) with conventional therapy for patients with advanced solid cancer of any type.
Conclusion
From information contained in drug labels, we found a high proportion of oncology drug-biomarker pairs for which testing was required or recommended. Conversely, for most nononcology drug-biomarker pairs, genetic testing is neither required nor recommended before drug prescription, and therefore most of these pharmacogenetic labels do not translate into a specific course of action for patients and prescribers. Impacts of genetic biomarker development are clearly visible in oncology drug labels, but hopes of personalizing treatment based on genetic biomarkers in other therapeutic areas have not yet been fulfilled.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://www.nature.com/gim
